Urinary markers for the assessment of kidney diseases in wild animals are limited, in part, due to the lack of urinary proteome data, especially for marine mammals. One of the most prevalent kidney diseases in marine mammals is caused by Leptospira interrogans, which is the second most common etiology linked to stranding of California sea lions (Zalophus californianus). Urine proteins from eleven sea lions with leptospirosis kidney disease and eight sea lions without leptospirosis or kidney disease were analyzed using shotgun proteomics. In total, 2694 protein groups were identified and 316 were differentially abundant between groups. Major urine proteins in sea lions were similar to major urine proteins in dogs and humans except for the preponderance of resistin, lysozyme C, and PDZ domain containing 1, which appear to be over-represented.
Introduction
Leptospirosis, the disease caused by a bacterial infection with pathogenic species within the genus Leptospira, is the second most common reason for California sea lions (Zalophus californianus) to strand sick and dying along the California coast 1 . It is the most common cause of renal compromise in sea lions. Sea lions with leptospirosis typically present with elevated serum creatinine (SCr) and blood urea nitrogen (BUN), hypernatremia and hyperphosphatemia, and, on histological examination, have multifocal, severe lymphoplasmocytic interstitial or tubulointerstitial nephritis which may vary from acute to chronic, and tubular epithelial necrosis [2] [3] . However recent studies indicate that some animals experience mild or subclinical infections with Leptospira 4 and serum correlates of renal function may fail to detect mild injury. For example, in a study of sea lions with detectable anti-Leptospira antibodies by microscopic agglutination testing (MAT), an indication of prior exposure and possibly current infection, elevated SCr or BUN was reported for only 57.6 % and 51.5 % of seropositive animals, respectively 3 . It remains unknown whether the animals without elevated values had recovered from initial renal compromise, never experienced compromise, or were experiencing renal compromise that was not being detected by these historical correlates of renal function. In a more recent study of leptospirosis infection in sea lions, both SCr and BUN have been shown to decline to normal range even though leptospires continued to be shed in the urine 4 , and is consistent with the idea of maintenance hosts (chronic infection without clinical indicators of disease) [5] [6] .
The utility of SCr and BUN as filtration markers is known to be imperfect and cannot differentiate pre-renal azotemia from tubular injury. Serum creatinine changes can often lag behind renal injury by up to 48 h and in the chronic setting, secretion of creatinine or reduction in creatinine production can lead to the overestimation of renal function [7] [8] [9] [10] [11] [12] [13] . Additionally, assessment of kidney damage in surveys of sea lions with no clinical history complicates diagnosis of mild renal injury because markers such as creatinine can vary with feeding status, hydration status, muscle mass, and assay bias in the presence of confounders such as bilirubin (as reviewed in 11 ).
Furthermore, reference ranges based on age class and body mass can be difficult to validate with traditional renal clearance techniques, especially when sea lions undergo peripheral vasoconstriction in response to anesthesia 14 .
Assessment of renal injury using urine protein markers has been widely described for dogs, cats, livestock and humans [15] [16] , with markers including urinary total protein, albumin, immunoglobulins, as well as more recent markers of tubular injury such as neutrophil gelatinaseassociated lipocalin (NGAL; approved name lipocalin 2; approved symbol LCN2). To date urine protein markers have yet to be translated to marine mammal veterinary medicine for the monitoring of renal injury. In fact, it is unclear which proteins are excreted in the urine of marine mammals and whether kidney injury markers used to monitor kidney health in domestic animals are applicable to marine mammals. The purpose of this study was to explore the urinary proteome in wild California sea lions and to compare differences in the urinary proteome between sea lions with and without leptospirosis. Search methods included the use proteome databases of closely related species. These results highlight expected and potentially novel candidate urine protein markers of tubular interstitial nephritis across a spectrum of infection and may be useful in diagnosing more subtle renal disease in sea lions, regardless of the cause.
Experimental Section

Sea lions
Urine samples were collected from two groups of sea lions: sea lions (Lepto, n=11) that stranded along the California coast between 2011 and 2012 and were being treated for leptospirosis and for which Leptospira infection status was confirmed by detection of Leptospira DNA in urine or kidney tissue via PCR 17 ; and sea lions (Control, n=8) which were apparently healthy, freeranging sea lions sampled along the coasts of California (n=3) and Oregon (n=5), and which had no evidence of current (i.e., negative urine Leptopira PCR results) or prior (i.e., no detectable anti-Leptospira antibodies via serum MAT) 18 (Table S5) while under isoflurane anesthesia, or via needle aspiration through the wall of the bladder during necropsy (Lepto n=4). Different urine collection methods were allowed to facilitate case-control matching of animals (Table 1) . Urine was stored in 2 mL cryovials at -20 to -80 °C until further processing and analysis. Serum chemistry analyses of Lepto and Control serum samples were performed on an ACE® Clinical Chemistry System (Alfa Wassermann, Inc., West Caldwell, New Jersey, USA). Urine osmolality was determined using a Wescorp (Model 5100) vapor pressure osmometer. Total protein was determined using a microBCA assay. Urine creatinine was measured using a modified Jaffe method.
Trypsin digestion
Urines were thawed rapidly at 37 °C in a water bath and vortexed for 5 min prior to centrifugation at 3000 x gn for 30 s. Urine protein concentration was determined using the pyrogallol method (QuanTtest® Red, Total Protein Assay System, Quantimetrix Corp.). In Lo-Bind microcentrifuge tubes (Eppendorf), urine supernatant equal to 20 µg total protein was brought to a volume of 175 µL and spiked with 400 ng HIV GP80 as an internal standard to assess digestion. Proteins were sequentially digested with proteases LysC and Trypsin (Promega) following in-solution protocols with sodium deoxycholate as a detergent previously published 19 .
Briefly, sodium deoxycholate was added to the urine protein solution to a final volume fraction of 5 %. Proteins were reduced with dithiotretitol (final concentration 10 mmol/L) for 30 min at 60 °C and subsequently alkylated with iodoacetamide (final concentration 15 mmol/L) at room temperature in the dark for 30 min. Samples were diluted eight times by volume with 50 mmol/L ammonium bicarbonate, followed by addition of LysC protease at a 1:100 mass ratio (LysC:total protein), and the samples were incubated at 37 °C for 2 h. Trypsin was then added at a 1:20 mass ratio (trypsin:total protein) and incubated overnight at 37 °C. Trifluoroacetic acid (10 % volume fraction) was added to the sample to achieve a final volume fraction of 5% trifluoroacetic acid. . Full scan resolution using the orbitrap was set at 120 000 and the mass range was set to 375 to 1500 m/z. Full scan ion target value was 4.0x10 5 allowing a maximum injection time of 50 ms. Monoisotopic peak determination was used, specifying peptides and an intensity threshold of 1.0x10 4 was used for precursor selection. Data-dependent fragmentation was performed using higher-energy collisional dissociation (HCD) at a normalized collision energy of 32 with quadrupole isolation at 0.7 m/z width. The fragment scan resolution using the orbitrap was set at 30 000, 110 m/z as the first mass, ion target value of 2.0x10 5 and 60 ms maximum injection time. Raw files were converted to peak lists in the mgf format using Proteome Discoverer 
Data analysis
For all analysis unless otherwise stated, Matlab (R2015a) was used. For differential analysis of proteomic data, a two-sided Wilcoxon rank sum test was utilized. False discovery rate for multiple hypothesis testing was estimated using the method of Benjamini and Hochberg (BH; 21 ).
Differentially abundant proteins were defined as a BH corrected p-value < 0.05. Log2 foldchange values were calculated as the difference in log-average counts between groups (if average counts were 0, then half of the smallest group average was used, which was 0.0427). For display purposes only, a custom implementation of a membership function was used to normalize the weighted spectral counts to a value between 0 and 1 before clustering. These normalized values were used for hierarchical clustering with a Euclidean distance metric. Differences between clinical and demographic data were determined using a Mann-Whitney U test or Chi-Square.
Groups were deemed different if p-value < 0.05. Gene ontology and pathway inference was generated by the Reactome Pathway Database 22 . Protein accession numbers were converted to homologous human accession numbers for ontology and pathways analysis.
Results
Sea lion blood and urine chemistry
Sea lions with leptospirosis kidney disease, i.e., Lepto animals, displayed elevations in serum creatinine (SCr), blood urea nitrogen (BUN), plasma sodium (Na), plasma chloride (Cl), plasma potassium (K), and plasma phosphorus (P) ( Table 1) (Table 1) . Renal injury in the Lepto group was also markedly depicted by the 15-fold elevation in mean urine protein concentration and 73-fold elevation in urine protein/urine creatinine ratio (Table 1) . Twenty-four hour renal protein excretion was not measured. 
Sea lion urine proteins
There were 2694 protein groups identified across the analysis, excluding contaminant proteins (Table S1) 
Protein differences: Control versus Lepto
There were 316 proteins differentially abundant proteins between the control and leptospirosis groups (Benjamini-Hochberg corrected p < 0.05; Wilcoxon rank sum test). Of these, 98 proteins were elevated and 218 proteins reduced in the Lepto group compared to the Control group.
( Figure 2 , Table S1 ). Of these differential proteins, osteopontin (HGNC name: secreted Reactome overrepresentation analysis (Table S1) Four proteins of interest are indicated: SPP1 (secreted phosphoprotein 1; alternative name osteopontin); LCN2 (lipocalin 2; alternative symbol, NGAL); AXL (AXL receptor tyrosine kinase); MME (membrane metalloendopeptidase; alternative name, neprilysin).
Urinary protein markers of renal injury in sea lions
Select urine protein marker protein classes related to kidney injury in humans and domestic veterinary animals (primarily extracted from references within [15] [16] 25 ) were clustered across samples to display the relationship of these markers with Lepto and Control sea lion groups ( Figure 3 and Table S2) 
Renin-Angiotensin System
Based on a previous report 26 , a reduction in polypeptide components of the renin-angiotensin system (RAS), e.g., neprilysin and angiotensin I, in rodents infected with Leptospira 26 appear to be characteristic of the response to infection. For this reason, data associated with these RAS proteins were specifically extracted to determine whether a similar response was characteristic of large mammals presenting with a natural course of disease (Figure 4 ). The following RAS- 
Natriuretic proteins
Leptospirosis associated with renal failure leads to a hypernatremic state in sea lions, therefore we extracted information regarding natriuretic proteins from the urine data for description. The following natriuretic proteins were identified: guanylin (HGNC gene symbol GUCA2A), uroguanylin (alternative name, guanylate cyclase activator 2B; HGNC gene symbol GUCA2B), C-type natriuretic peptide (HGNC gene symbol NPPC), natriuretic peptides A (HGNC gene symbol NPPA), and natriuretic peptides B (HGNC gene symbol NPPB). Only guanylin was significantly elevated in sea lions from the Lepto group.
Discussion
California sea lions excrete a urine similar in protein composition to other mammals [23] [24] 27 ,
where proteins such as albumin, uromodulin, and protein AMBP dominate abundance (Figure 1,   TableS1 ). Unlike rodents, where the urine is dominated by major urinary proteins 28 , or cats, in which the urinary protein cauxin dominates the proteome 27 ; sea lions excrete a repertoire of proteins that closely parallels that of dogs 24 and humans 23 . Some features of the sea lion urinary proteome were unexpected such as the predominance of two low molecular weight proteins, resistin (12 kDa) and lysozyme C (16 kDa), as estimated by ranking proteins by spectral counts in Control group animals. Both proteins are elevated in immune cells either in response to lipopolysaccharide to promote inflammation 29 or in defense of elevated lipopolysaccharide to promote bacterial lysis 30 , respectively. Over-abundance of these two innate immune system proteins may indicate elevated innate protection against pathogenic, considering likely constant environmental pathogen exposure in the wild.
Leptospirosis
In an effort to extend the utility of this study into veterinary diagnostics, e.g., discovery of candidate urine markers of interstitial nephritis, urine proteins from sea lions with leptospirosis kidney disease were included as a separate group. Sea lions in the leptospirosis (Lepto) group included in this study displayed a range of urine protein to creatinine ratios and SCr levels that may reflect a range of renal injury severity and chronicity. Sea lions accepted for rehabilitation are discovered during strand surveys or citizen reports, therefore the clinical history, and hence the duration of infection, is unknown. Inclusion of data from the Lepto group resulted in the identification of an additional 1058 proteins, providing a more comprehensive urine proteome picture which was derived from urine from sea lions experiencing severe renal compromise as well as from those with apparently healthy kidneys. Similar to urinary proteomic results from rats with chronic Leptospira infection 26 , sea lions with leptospirosis had a larger proportion of urinary proteins that were reduced in abundance compared to uninfected sea lions. Despite significant proteinuria in the Lepto group, urinary albumin concentration was not different between groups based on weighted spectral counts. This is consistent with changes in proteinuria from tubular, not glomerular, origin as has been reported from dogs with leptospirosis 31 .
Urinary proteins as markers of renal injury and repair continue to be extensively studied and evaluated for use as human clinical diagnostics and domestic veterinary diagnostics [15] [16] . Not surprising, marine mammal veterinary diagnostics have lagged behind these other fields. To test whether previously described renal injury markers for humans and domestic veterinary species change with renal injury status, a subset of proteins were extracted from the data based on their precedent as biomarkers of renal tubular injury ( Figure 3 ). Neutrophil gelatinase-associated lipocalin (LCN2) and osteopontin (SPP1) were notably abundant in urine from the Lepto group.
Both are considered tubular injury markers of acute kidney injury 25 and drug-mediated nephrotoxicosis 32 . Whereas, neutrophil gelatinase-associated lipocalin seems to promote recovery, osteopontin appears to promote monocyte infiltration and fibrosis 33 . Regardless of mechanism, these proteins clearly have a mechanistic role in the pathogenesis of Leptospira infection and potential value as urinary biomarkers similar to other species.
Fatty acid binding proteins (FABP) are abundant, low molecular weight proteins that act as lipid chaperones and play diverse roles including the formation of eicosanoids in macrophages 34 . The most widely studied FABP relevant to kidney injury markers is the liver-type FABP 35 , which is elevated in response to acute kidney injury of multiple etiologies. In the current study, the acute kidney injury marker liver-type FABP was not different between both groups, but interestingly, epidermal-type FABP was considerably elevated in the Lepto group relative to the Control group. Epidermal FABP is not typically associated with expression in the kidney 36 , but has been detected in human kidney and reported in the Human Protein Atlas 37 . Of the FABPs identified, the epidermal type may be of greater interest to prospective studies of tubular injury in sea lions, or at least should be considered alongside biomarker studies of liver-type FABPs.
Other notable differentially abundant proteins with biomarker precedence include clusterin and uromodulin. In dogs with leishmaniasis, characterized by glomerular mesangial proliferation and interstitial nephritis, urinary clusterin was elevated in more advanced renal cases 38 . Gentamicin-induced tubular necrosis also resulted in an increase in urinary clusterin in beagles, suggesting that tubular dysfunction alone can cause increased urinary levels of this protein 39 . In the current study, the elevation in urinary clusterin in sea lions suggests a similar urinary clusterin response is conserved in sea lions experiencing renal compromise. Uromodulin is a tubular protein primarily secreted at the thick ascending limb of the kidney and has been implicated in a myriad of roles including innate immunity and transporter regulation 40 . Reduced uromodulin excretion is consistent with tubular injury, has been implicated as a risk factor for increased urinary tract infections in humans 41 and has been associated with severe azotemia in dogs 42 . Lepto sea lions also displayed a lower level of uromodulin in the urine and we hypothesize that injury response mechanisms, similar to those described for humans 40 , are conserved in sea lions.
Tyrosine kinase receptor AXL was the protein most reduced in abundance in Lepto sea lions. Its ligand, growth arrest specific protein (HGNC gene symbol GAS6) was also reduced.
GAS6/AXL is known to reduce tubulo-interstitial apoptosis in chronic kidney injury models 43 and upregulation of this axis promotes glomerular hypertrophy in diabetic mice 44 . AXL expression is primarily located in vascular endothelia and the proximal tubule 45 . A survey of human kidneys with inflammatory disease provides evidence of gross upregulation in the tissue which was shown to be elevated, in part, through Angiotensin II in cell culture models 46 . If AXL/GAS6 expression is driven by inflammatory mechanisms, then this axis should be elevated in Lepto sea lions, but in fact, both urinary AXL and GAS6 were reduced. It remains possible that the large reduction in AXL/GAS6 could simply be due to substantial tubular damage. From a different perspective, the GAS6/AXL partners are typically reduced in the normal human kidney to the point where they are barely detectable 46 . However, in Control sea lions, urinary GAS6/AXL appears to be abundant. Given that diving results in peripheral vasoconstriction 47 , and that the GAS6/AXL axis has been reported to be protective of ischemia reperfusion injury 48 , we hypothesize that GAS6/AXL may play a protective role in Control sea lions and that the loss of these proteins seen in the Lepto group may reflect a loss of renal cell survival. Despite a large number of studies of the GAS6/AXL axis in humans and laboratory rodent models 49 , studies regarding the GAS6/AXL axis in normal marine mammal physiology are non-existent and the detection of AXL/GAS6 in Control sea lions may indicate the presence of an anti-apoptotic, pro-survival protective mechanism that is affected during Leptospira infection in sea lions.
Although many established tubular injury markers were not significantly altered, or in some cases levels changed in the opposing direction than expected, we cannot discount these proteins as potential urinary biomarkers for sea lions based on this study. In addition to the small numbers of individuals included in this study and lack of a species-specific proteome for the identification of proteins, low abundance peptides and proteins can lead to highly variable counts. Targeted absolute measurements with an appropriate standardized assay should always be considered in future prospective biomarker studies.
Renin-angiotensin system (RAS) and natriuretic proteins
Curiously, rats chronically infected with Leptospira display a less diverse urinary pattern of polypeptides including a reduction in RAS components; neprilysin (MME; alternative name, neutral endopeptidase) and angiotensin I 26 converting enzyme 2, carboxypeptidase A, and cathepsin D. The fact that renin was not discovered in the proteomic data for any sea lion, suggests that cathepsin D may be a major player in the sea lion intrarenal RAS as cathepsin D has been shown to be able to generate angiotensin I peptide from angiotensinogen 52 .
The reduction in neprilysin was validated by immunoblot of sea lion urine proteins normalized to total protein or urine volume. Urinary neprilysin derived from proximal tubule has been recently reported to increase in humans with acute kidney injury patients due to sepsis 53 , which is opposite of the urinary neprilysin phenotype of rats and sea lions with leptospirosis. A decrease in urinary neprilysin has been reported in db/db diabetic mice with hyperglycemia and microalbuminuria 54 , which may be a response common to chronic renal inflammation 55 . The consistent finding of urinary neprilysin reduction in two very different mammalian species suggests a possible targeted role for this enzyme in the response to leptospirosis.
Two notable clinic features of sea lions with leptospirosis are hypernatremia concomitant with a low urine osmolality. Hypernatremia may present in animals with reduced access to free water, diuresis due to azotemia, and renal impairment that results in a reduced ability to concentrate urine. More specifically, nephrogenic diabetes insipidus and renal vasopressin resistance appears to contribute to the urinary concentrating defect during leptospirosis infection, which might explain the hypernatremia concomitant with low urine osmolality [56] [57] [58] . In defense against hypernatremia, humans respond by inducing a natriuresis independent of blood pressure, atrial natriuretic peptide, and the RAS 59 . To assess whether other natriuretic protein hormones may play a role in defending against hypernatremia, a survey of urinary natriuretic proteins in the two sea lion groups implicated the natriuretic pro-hormone guanylin as a potential regulator of sodium excretion. Pro-guanylin is primarily expressed in the gasterointestinal tract, but can be freely filtered by the kidney. The finding of elevated pro-guanylin abundance was unexpected because uroguanylin is anticipated to be more relevant in terms of expression in the kidney and detectability in the urine 60 ; however, pro-uroguanylin protein did not change suggesting that intestinal or renal guanylin may be upregulated in defense of normonatremia in sea lions. The link between sodium balance and natriuresis via an intestinal-renal natriuretic axis in healthy humans has been disputed 61 making this observation in sea lions a potentially fascinating area of discovery regarding the regulation of sodium balance in leptospirosis kidney disease and in marine mammals in general.
Conclusions
Urine proteomes have become repositories for biomarker discovery and highlight mechanistic descriptions of normal and pathophysiology. To date, information regarding the urine proteome of marine mammals, such as the California sea lion, has been limited by a lack of proteomic efforts. There is a need for renal injury markers for marine mammals, in addition to SCr and BUN, in order to assess renal insufficiency beyond imperfect markers of filtration. Based on this study, there are many parallels between urine proteins from sea lions and published domestic veterinary and human clinical protein markers that can be used to accelerate biomarker assessment to classify mild and moderate renal injury.
